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Abstract 
The processing of benthic diatoms is tedious and involves several potentially damaging steps for cells. Although 
the preservation of siliceous frustules is of paramount importance in the implementation of biotic indices, only 
few studies quantified treatment-induced cell losses. We assumed that commonly used treatments may lead to 
mechanical (centrifugation, sedimentation, boiling, sonication and mounting in Naphrax) and chemical (cold 
H2O2 digestion) damages on diatoms. We analysed the potential adverse effects of these treatments and the 
cleaning efficiency of H2O2 and incineration in order to find out the most suitable technique to process lightly 
silicified Mediterranean populations. Results showed that successive resuspensions of material after each 
concentration treatment (sedimentation and centrifugation) and low speed centrifugation did not alter the 
physical integrity of frustules. In contrast, boiling and sonication exhibited adverse effects especially on the 
preservation of large frustules and Naphrax mounting proved to be the most damaging step whatever the size of 
diatoms. For cleaning treatments, incineration provided the most satisfactory results and acted on a non-selective 
way as opposed to hydrogen peroxide which led to either a large number of non-cleaned frustules or dissolved 
valves. Our recommendations for processing samples of lightly silicified Mediterranean benthic diatoms include 
the use of low speed centrifugations, dehydration at room temperature, incineration and dry mounting. 
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Introduction 
Benthic diatoms are routinely used in the monitoring of freshwater quality in European countries (Kelly et al. 
1998, Prygiel et al. 1999) and become increasingly studied in many other parts of the world (Pan et al. 2000, 
Gómez and Licursi 2001, Chessman et al. 2007, Taylor et al. 2007). The implementation of biotic indices based 
on the species-specific ecological tolerance to pollution allowed to assess the quality of areas subjected to 
anthropogenic discharges of organic matters (Prygiel and Coste 1993), nutrients (Dela-Cruz et al. 2006, Kelly 
2003), and trace elements (Gurrieri 1998). In contrast, benthic marine diatoms received considerably less 
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attention compared to their freshwater counterparts and most studies were conducted on brackish soft-bottom 
populations (i.e. under strong influences of freshwater inputs) (Underwood et al. 1998, Muniz et al. 2011). The 
available literature dealing with the composition of epilithic assemblages grown on natural (Hendey 1964, 
MacLulich 1987) or artificial substrates in coastal waters (Hillebrand and Sommer 2000, Brandini et al. 2001, 
Totti et al. 2007) remains scarce mainly because of the existence of methodological difficulties in the processing 
of samples and of a lack of taxonomic knowledge regarding marine populations (Agatz et al. 1999). 
The bioindicator status of benthic freshwater diatoms relies on the taxonomic analysis of populations which is 
based upon the fine morphological details of their siliceous frustules (e.g. Hasle and Fryxell 1970). Cell contents 
as well as other organic items have to be removed to insure the best possible visual quality of samples. The 
sample processing generally involves four main steps including two cycles of at least three washes respectively 
occurring before (preservative removal) and after the cleaning step (discarding chemicals) (Battarbee et al. 
2001). Finally a subsample is embedded in a high refractive index resin and identification of diatoms is routinely 
performed under a light microscope. The way to perform each of these steps differs largely according to authors 
but samples usually undergo centrifugations (washes) and boiling in H2O2 or in concentrated H2SO4 and/or 
HNO3 (e.g. von Stosch method) as these methods are considered as time-efficient (Round et al. 1990, Hasle et al. 
1996, Kelly et al. 1998). However, due to their low flexibility and their variable silicification, frustules may 
experience mechanical stress at each step of the process resulting in cumulative losses of cells (Pickett-Heaps 
1998). For example, vigorous centrifugations and sonication respectively used in the washing and in the 
homogenisation of samples are known to potentially involve cell breakages (Battarbee et al. 2001, Abrantes et al. 
2005). Diatoms also differently withstand the cleaning step with delicate forms being more subjected to 
dissolution than heavily silicified frustules (Hart 1957, Hendey 1964, Flower 1993). Since fragments, broken and 
dissolved cells are usually discarded from counts (USGS 1987, Taylor et al. 2005), such losses may hamper the 
bioindicator potential of diatoms and/or increase the counting effort for analysts (Ryves et al. 2006, Blanco et al. 
2008). However, the quantification of treatment-induced losses is particularly scarce in the literature and until 
now only the adverse effects of centrifugation were investigated for freshwater epilithic (Owen et al. 1978, 
Blanco et al. 2008) and fossil diatoms (Flower 1993, Abrantes et al. 2005). 
Marine diatoms are likely to be very sensitive to usual treatments since it has been shown that their silica content 
per unit of biovolume was on average an order of magnitude lesser than that of freshwater populations because 
of the lower availability of silicic acid and of the interference of salinity in silica fixation (Conley et al. 1989). A 
nutrient limitation (N and P) also indirectly explains a low silicification of frustules because of a slower growth 
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rate of diatoms compared to those living in nutrient replete conditions (Martin-Jézéquel et al. 2000). The 
Mediterranean Sea naturally combines these features being oligotrophic and having a high salinity. To our 
knowledge, only few works dealt with the composition of diatom populations grown on artificial substrates in 
the Northern Adriatic Sea (Munda 2005, Totti et al. 2007) but this region is heavily urbanized and receives high 
anthropogenic nutrient loads which likely promoted the growth of more silicified taxa compared to pristine 
areas. The study of Mediterranean benthic diatoms from undisturbed areas is required and implies to find out the 
most suitable sample processing technique before assessing their potential as early indicators of pollution. 
This work focused on the mechanical and chemical stresses to which samples are exposed to during the most 
commonly used procedures and provides the first stepwise quantification of cell losses among populations of 
benthic marine diatoms grown on glass slides from an oligotrophic Mediterranean area. 
 
Materials and Methods  
Study site and sampling 
The sampling was carried out in July 2008 in the vicinity of the STAtion de REcherches Sous-marines et 
Océanographiques (STARESO – University of Liège, 8°43′E, 42°34′N) located in the Revellata Bay (Corsica, 
France). This coastal area is typically oligotrophic and is only slightly and seasonally influenced by 
anthropogenic nutrient discharges, river flows or freshwater runoffs (see Vermeulen et al. 2011 for further details 
on study site). Over study time, salinity ranged from 37.8 to 38.1 and average nutrient concentrations were 0.09 
± 0.05 µM NO3-, 0.08 ± 0.01 µM NH4+, < 0.01 µM PO43- and 0.95 ± 0.09 µM Si (n = 8). 
Three samples of algal biofilms grown for 24 days at 1 m depth on glass slides were collected using a razor 
blade. They were preserved in a solution (3 %) of formaldehyde - filtered seawater (Millipore, acetate cellulose 
0.22 µm). Because of the occurrence of filamentous macroalgae on slides, samples were homogenised by gentle 
sieving through nylon nets (mesh sizes 500 and 300 µm) with MilliQ water and filtrates were allowed to settle 
for at least 5 days in 400 mL Pyrex beakers. The supernatant was then siphoned off with a syringe device and the 
volume of samples was adapted to obtain a density of about 3 frustules per microscopic field (objective x 40). 
Most diatoms occurring in samples were lightly silicified pennate forms. Mean density estimates (± SD) were 
2245 ± 118 cells mm-2 and the proportion of empty frustules ranged from 2 to 5 % according to samples. The 
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Assessment of mechanical stress 
Five common treatments used in the processing of samples were identified in the literature and assessed for the 
potential mechanical stress they exert on diatoms (Fig. 1). 
 
 
Fig. 1 Stepwise assessment of mechanical stress and cleaning efficiency  
for samples of Mediterranean benthic diatoms. 
 
For each sample, three-2 mL subsamples were exposed to these treatments and we paid attention to select the 
gentlest methods reported in the literature (Tab 1). Each subsample was gently stirred and a 30 µL aliquot was 
mounted under cover slip (N° 0) with a drop of glycerine pending for analyses. A set of control subsamples 
which were not exposed to any stress was first analysed. The two washing steps were successively performed 6 
times to simulate the stress undergone by samples before and just after the cleaning step. After each 
centrifugation (2000 rpm, 580 x g for 30 min) and sedimentation time (24 h), the supernatant was siphoned off 
and the remaining pellet was resuspended in MQ water. The boiling step in MQ water was carried out on a hot 
plate set at 100 °C for 15 minutes (AFNOR 2003). This procedure is used to increase the oxidising power of 
chemicals during the cleaning step. The sonication is used to dislodge frustules from particular substrates 
(Sabater et al. 1998), to homogenise samples and/or to dissociate valves from frustules (Battarbee et al. 2001). 
This step was performed with an ultrasonic bath (Sonorex RK156BH, 35 KHz) during 2 x 2 min. Permanent 
mounts were made using Naphrax, the most commonly used high refractive index medium (R.I. 1.73, Brunel 
Microscope Ltd, UK). Aliquots from control subsamples were first dehydrated at room temperature on cover 
slips to allow a random settlement of frustules in valvar view (Blanco et al. 2008) and were then placed on a 
Naphrax drop. Preparations were warmed on a hot plate set at 120°C for 5 min and some slight pressures were 
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Study feature Concentration Sonication Cleaning Mounting Sources 
Spain, fw, Mtd Ce, 2500 rpm, 5 min, x 3 ac  H2O2, 90 °C, 6 - 12 h Naphrax Blanco et al. 2008 
Baltic sea, sw Se, x 4 ac  H2O2, K2Cr2O7, cd Naphrax Busse and Snoeijs 2002
Mtd Ce, ni rpm, x 8 ac  H2SO4, KMnO4, C2H2O4, cd Various Hasle and Fryxell 1970 
Mtd Se, x 5 ac 2 min, 20 Khz HNO3, blg 5 min  Naphrax McBride 1988 
Uruguay, sw Ce, ni rpm, x 10  H2O2, blg 4 h  Entellan Muniz et al. 2011 
USA, fw ni 2 x 2 min, ni acid cleaning, ni ni Sabater et al. 1998 
S - Africa, fw, Mtd Ce, 2500 rpm, 10 min, x 8   H2O2, 90 °C, 1 - 3 h H2O2, cd, 4 days at least 
Various Taylor et al. 2005 
Adriatic sea, sw Ce, 3000 rpm, 10 min, x 6  HNO3, H2SO4, blg 3 min  gold (SEM) Totti et al. 2007 
Mediterranean sea, 
Corsica, sw, Mtd Se, Ce, 2000 rpm, 30 min, x 6 2 x 2 min, 35 Khz
incineration 500°C, 30 min, 
H2O2, cd 4 days, blg 15 min  
Naphrax, dry Present study 
 
Table 1 Examples of common techniques for processing benthic diatom samples.  
fw freshwater, sw seawater, Mtd methodological works, total number of Ce centrifugations and Se 
sedimentations except when ac after cleaning step only mentioned, cd cold, blg boiling digestions,  
gaps indicate “not used” and.ni no available information 
 
Cleaning efficiency of diatoms 
We chose two soft cleaning treatments (Fig. 1, Tab 1). Three aliquots per subsample were dehydrated at room 
temperature and incinerated at 500°C in a muffle furnace during 30 minutes (USGS 1987). Hydrogen peroxyde 
(30 %) was added to 3 subsamples per sample as 2:1 in v/v. The cold oxidation lasted 96 h (e.g. Hillebrand & 
Sommer 2000, Taylor et al. 2005) and subsamples were centrifuged three times and dehydrated as previously 
described. Cover slips were mounted dry (i.e. without Naphrax) (Hendey 1964, Round et al. 1990) and corners 
were fixed with few drops of Eukitt® (Fluka, BioChemika). 
 
Counts 
Aliquots were observed under an interferential phase contrast light microscope (Olympus BX 50). The measured 
variables in relation with mechanical stress were: intact and broken frustules and valves, contorted frustules, and 
fragments (unidentifiable objects either frustules or valves). Separate counts were performed as follows 
according to the length of diatoms and fragments: 1) diatoms > 100 µm counted over 25 microscopic fields at 
objective x10 and 2) < 100 diatoms counted over 40 fields of view at 40 x objective. The cleaning efficiency of 
diatoms was assessed according to 4 classes as follows: good (well cleaned with all identification features), 
medium and bad (respectively partially and not cleaned of organic content), and dissolved (only showing 
external margins preventing species identification). Additionally, broken frustules and valves as well as 
fragments were enumerated. Counts were performed on 70 fields of view at objective x 100 using immersion oil. 
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Statistics 
As frustules dominated our samples, the number of valves was converted into frustules as follows (number of 
frustules + (number of valves / 2)). Statistical analyses were conducted on absolute values of fragments and on 
percentages of frustules measured for each mechanical stress variable and each cleaning efficiency class 
calculated from the total number of frustules. As data did not fit assumptions of normality and variance 
homogeneity, we performed non-parametric tests. The Kruskal-Wallis ANOVA was used to compare between 
samples for each variable and each treatment and Wilcoxon tests allowed comparisons between size classes and 
between cleaning treatments. Regression analysis was carried out to examine the relationship between the 
numbers of fragments and valves for cleaning treatments. Multivariate analyses were also performed on data 
from the mechanical stress assessment to test the null hypothesis that there was no difference between treatments 
for each of the diatom size classes. Bray-Curtis similarity matrices were constructed from untransformed data 
from all variables together and one-way Analyses of similarity (ANOSIM) were performed on these matrices 
along with non Metric multi-Dimensional Scaling (nMDS) graphical ordinations. The stress value provided with 
nMDS refers to the goodness of fit of a matrix in the bidimensional space with values below 0.1 showing a good 
representation. The R statistics output of ANOSIM indicate the separation degree between groups of treatments 
with values close to 0 and 1 respectively showing complete similarity and dissimilarity (Clarke and Gorley 
2006). Significance of statistical tests was assumed at P < 0.05. Univariate and multivariate analyses were 
respectively completed using Statistica v.9 and Primer v.6 softwares. 
 
Results 
All variables together, the average total number (± SD) of counted frustules per subsamples was 93.2 ± 20.6 and 
92.0 ± 20.7 respectively for < 100 µm and > 100 µm diatoms and 155.0 ± 23.9 for the cleaning treatments. 
Samples did not differ significantly within a treatment type both for the assessment of mechanical stress and of 
the cleaning efficiency. The values of broken frustules and fragments highly differed according to treatments for 
each size class (P < 0.0001, Fig. 2).  
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Fig. 2 Box and whisker plots showing (a) the percentages of broken frustules and (b) the number of fragments 
according to the size range of diatoms and to treatments with (C) control, (Ce) centrifugation, (Se) 
sedimentation, (B) boiling, (So) sonication, (N) Naphrax. Thick horizontal lines indicate medians, boxes the 
interquartile ranges and whiskers mark the range of data excluding outliers  
(open circles, > 1.5 x interquartile range) (n = 9). 
 
For all variables, the > 100 µm diatoms consistently exhibited higher values compared to the < 100 µm class (P 
< 0.008). Effects of treatments on the number of contorted frustules were negligible. For both size classes, 
results from centrifugation, sedimentation and control did not differ from each other likely because of a large 
dispersion of values. Medians roughly fell between 5 and 10 % of broken frustules and between 5 and 10 
fragments. The Naphrax treatment concomitantly showed the highest median values of 18.7 % and 23.7 % of 
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broken frustules (Fig. 2a) and of 21 and 36 fragments (Fig. 2b) respectively for < 100 µm and > 100 µm diatoms. 
For < 100 µm diatoms, this treatment differed from all others (P < 0.03) except from sonication for broken 
frustules and differed from control and sedimentation values for the number of fragments (P < 0.001). Naphrax 
values for > 100 µm diatoms did not differ from those of sonication and boiling but did so regarding all other 
treatments (P < 0.01). The > 100 µm broken frustules and fragments undoubtedly weighted in the display of 
sonication and boiling values which became closer to the well separated Naphrax patch in the nMDS (ANOSIM 
R = 0.55, P < 0.01, Fig. 3a) compared to that obtained for < 100 µm diatoms (ANOSIM R = 0.44, P < 0.01, Fig. 
3b).  
 
Fig. 3 nMDS ordinations calculated from percentages of broken and contorted frustules, and the number of 
fragments for (a) > 100 µm and (b) < 100 µm diatoms (n = 9) with (C) control, (Ce) centrifugation, (Se) 
sedimentation, (B) boiling, (So) sonication, (N) Naphrax. 
 
Hydrogen peroxide and incineration exerted contrasted effects on the cleaning classes of frustules (P < 0.05, Fig. 
4). The median values of totally cleaned frustules were nearly two times higher for incineration (73.4 %) 
compared to the hydrogen peroxide treatment (P = 0.0004). Conversely, values from medium (38.5 %) and non-
cleaned (13.0 %) frustules for the hydrogen peroxide treatment were twice higher than those obtained for 
 8
The final publication is available at www.springerlink.com, Journal of Applied Phycology 
incineration (P < 0.0015). The occurrence of dissolved frustules was also by far higher for the hydrogen 
peroxide treatment (7.3 %) compared to incineration (1.5 %, P = 0.0014). The higher overall number of valves 
and the twice higher number of fragments (44.0) counted for the hydrogen peroxide treatment compared to 
incineration weighted in the positive correlation observed between these variables (r² = 0.47, P < 0.0016, Fig. 5). 
 
 
Fig. 4 Box and whisker plot showing the cleaning efficiency (% per cleaning classes) of hydrogen peroxide and 
incineration on diatoms (n = 9). Thick horizontal lines indicate medians, boxes the interquartile ranges and 




Fig. 5 Relationship between the total number of valves and the number of fragments according to cleaning 
treatments (n = 9). 
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Discussion 
This study allowed the quantification of cell losses occurring within samples of lightly silicified Mediterranean 
benthic diatoms by analysing the potential sources of mechanical and chemical stress occurring in the most 
commonly used processing techniques. Both for the assessments of the mechanical stress and the cleaning 
efficiency of frustules, samples exhibited large differences in the measured variables according to treatments 
even if we chose the gentlest methods reported in the literature (Tab. 1). For example, the number of washing 
cycles is usually greater, the centrifugation speed is faster than that we used (USGS 1987, Totti et al. 2007) and 
longer boiling durations ranging from 1 to 4 h are common when cleaning benthic diatoms (Muniz et al. 2011, 
Karsten et al. 2006). We also noticed that numerous studies suffer from a lack of methodological details (e.g. 
centrifugation speed and/or relative centrifugal force, sonication device) which could have been useful in our 
assessment of mechanical stress as well as for other diatomists who are looking for processing techniques. 
We observed inter- and intra-sample variability in the measured parameters which may be considered as 
background losses due to the occurrence of already dead or grazed diatoms prior to process samples, to the initial 
harvesting and sieving steps, to the adhesion of cells on the wall of test tubes and by the variable intensity in the 
resuspension of material after each washing step (Throndsen 1978). Centrifugation speed and successive 
resuspensions at each concentration treatment (centrifugation and sedimentation) did not involve particular 
damage to diatoms as values were comparable to those from control. Our results are in agreement with those of 
Owen et al. (1978) and Blanco et al. (2008) who did not show significant effects of centrifugation on the 
preservation of frustules. In contrast, boiling, sonication and Naphrax mounting exerted pronounced mechanical 
stress on the physical integrity of frustules and especially on large forms (> 100 µm). The high surface areas of 
elongated pennate diatoms (mainly Nitzschia sp. and Licmophora sp.) may increase the risk of breakage 
compared to small broadly elliptical forms (Flower 1993) suggesting that subsamples could be exposed to 
different treatments according to the size range of diatoms. Although widely used in the cleaning of benthic 
diatoms (e.g. Taylor et al. 2005), the use of H2O2 or strong acids (H2SO4, HNO3) and the enhancement of 
oxidation through boiling should be avoided for lightly silicified diatoms. Similarly, we neither recommend a 
cold use of these chemicals in addition to KMnO4 or K2CR2O7 because this produces vigorous bubbling and 
exothermic reactions (e.g. Hasle and Fryxell 1970) which may also have adverse effects on the preservation of 
frustules. Our results for < 100 µm diatoms tend to support those of Hickman (1969) who did not find broken 
frustules even after 10 minutes of sonication of small freshwater epipsammic diatoms. However, for > 100 µm 
diatoms, sonication should only be used to ease the dissociation of valves and identify some particular species 
 10
The final publication is available at www.springerlink.com, Journal of Applied Phycology 
(Battarbee et al. 2001). We also expected to find more contorted frustules following sonication but this 
parameter did not vary substantially according to treatments. Naphrax mounts involving boiling in a viscous 
medium and applying slight pressures on cover-slips led to the highest losses for both size ranges of diatoms. 
Accordingly, we recommend to make “dry mounts” (Hendey 1964, Round et al. 1990) or to use Pleurax which is 
known to provide good results for delicate diatoms and allows reference material to be stored for a long time 
(Reid 1978). However, the use of Pleurax is not common, may be time-consuming and may lead to cumulative 
losses of cells since serial alcohol dehydrations of samples are required before mounting (Hasle et al. 1996).  
Incineration was the most efficient treatment to clean frustules in a non-selective way (i.e. lightly and more 
heavily silicified forms are indifferently and simultaneously cleaned of their organic contents) as opposed to the 
hydrogen peroxide method which left large proportions of non-cleaned and dissolved diatoms preventing further 
precise identification (Hart 1957, Hendey 1964, Ryves et al. 2006). We also found more valves and fragments in 
samples which underwent chemical digestion compared to those exposed to incineration. The use of hydrogen 
peroxide increases the dissociation of frustules but certainly has the drawback to increase the delicacy of valves. 
Accordingly, the combined use of centrifugations and chemical oxidation may have a negative impact on the 
preservation of diatoms. The incineration method is fast and simple and does not require using fume cupboard 
(Zoto et al. 1973). Although the focus of this study was not to test different setups for treatments, we recommend 
setting higher both the duration and the temperature (not over 538°C to prevent melting) of incineration to reach 
optimal results (USGS 1987). Nevertheless, in contrast to chemical digestion of organic matter, the incineration 
has the disadvantage of letting frustules intact without loosening colony and dissociating valves from frustules. 
This can be overcome by gently sieving sample through nylon nets and slowly dehydrating aliquots at room 
temperature to allow the settlement of frustules in valve rather than in girdle view (Blanco et al. 2008). 
This work showed that some commonly used treatments may have major adverse effects on the preservation of 
Mediterranean benthic diatoms and that the successive use of sonication, boiling chemicals, centrifugations, and 
Naphrax may lead to high cumulative cell losses especially for large diatoms. This would undoubtedly have deep 
consequences on the taxonomic study of populations and thus in the environmental message delivered by 
diatoms. Accordingly, we suggest the following guidelines in order to process samples of Mediterranean benthic 
diatoms from oligotrophic areas: one cycle of 3 low speed centrifugations in order to remove preservative and 
dissolved salts, followed by the dehydration of an aliquot at room temperature and its incineration in a muffle 
furnace. Finally, a dry mount should be preferred to resin mounting. This procedure involving incineration 
allows to exclude one washing cycle and, thus indirectly, to minimise cell losses. Although the way to process 
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samples may largely differ according to the environmental growing conditions of diatoms and to the intended 
taxonomic resolution of studies, we consider our stepwise quantification of treatment-induced cell losses as a 
robust and simple method to investigate lightly silicified populations and to improve already existing techniques 
for processing diatom samples. 
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